Myelinating oligodendrocytes enable fast impulse propagation along axons as revealed 42 through studies of homogeneously myelinated white matter tracts. However, gray matter 43 myelination patterns are different, with sparsely myelinated sections leaving large 44 portions of the axons naked. The consequences of this patchy myelination for 45 oligodendrocyte function are not understood but suggest other roles in information 46 processing beyond the regulation of axonal conduction velocity. Here, we analyzed the 47 contribution of myelin to auditory information processing using paradigms that are good 48 predictors of speech understanding in humans. We compared mice with different degrees 49 of dysmyelination using acute cortical multiunit recordings in combination with behavioral 50 readouts. We identified complex alterations of neuronal responses that reflect fatigue and 51 temporal acuity deficits. Partially discriminable but overall similar deficits were observed 52 in mice with oligodendrocytes that can myelinate but cannot fully support axons 53 metabolically. Thus, myelination contributes to sustained stimulus perception in 54 temporally complex paradigms, revealing a role of oligodendrocytes in the CNS beyond 55 the increase of axonal conduction velocity. 56 65 66
Introduction 57
In the central nervous system (CNS), oligodendrocytes generate myelin, a multilayered 58 sheath of membrane, spirally wrapped around axonal segments and best known for its 59 role in enabling fast saltatory impulse propagation 1 . An additional function of 60 oligodendrocytes is the metabolic support of myelinated axons 2-4 , most important when 61 axons spike at higher frequency 5 . Mouse mutants with abnormalities of CNS myelination 62 have been used as models of human leukodystrophies and demyelinating diseases. 63 However, analyses of these mice have been largely restricted to the diagnosis and 64 assessment of severely reduced motor functions.
Results

133
To monitor auditory processing in the adult brain with compromised oligodendrocyte 134 functions, we chose three types of mutant mice. To study the role of compacted myelin, 135 we compared different Mbp mutations in mice. MBP is an abundant structural protein 136 required for myelin growth and compaction 33, 34 . One mutant is defined by the nearly 137 complete absence of CNS myelin, the well-known shiverer (Mbp shi/shi ) mouse 35 with a 138 truncated Mbp gene 32 . The second Mbp model was newly generated for this study as a 139 hypomorph mouse (Mbp neo/neo ) with MBP expression levels below 50% as detailed below. 140 A third mutant, heterozygous null for the Slc16A1 gene (MCT1 +/-) shows reduced 141 expression of the monocarboxylate transporter MCT1, which is required by 142 oligodendrocytes to metabolically support axons 3 . MCT1 enables the export of lactate 143 and pyruvate and supports the generation of ATP in myelinated axons 5 .
145
Mbp neo : a novel mouse mutant with reduced myelin sheath thickness 146 Shiverer mice have no compact myelin and a shivering phenotype that makes them 147 suboptimal for behavioral testing. Since heterozygous Mbp shi/+ mice show close to normal 148 amounts of myelin 36 , we sought to establish a hypomyelinated mouse model by reducing 149 Mbp expression levels below 50% (see methods and Figure S1A ), in agreement with 150 earlier observations of transgenic complementation of shiverer mice 37,38 . 151 Oligodendrocytes in adult Mbp neo/neo brains expressed 30% of the Mbp mRNA and 20% 152 MBP at the protein level (Figures S1B and S1C). These mutants appeared clinically 153 normal and were long-lived. Different from conventional shiverer mice, in which the vast 154 majority of optic nerve axons are unmyelinated 35 , Mbp neo/neo mice have 75% of their optic 155 nerve axons myelinated (wild type: 92%). Importantly, this myelin was fully compacted 156 but significantly thinner, as determined by g-ratio analysis (Figures S1D to S1F). Axon stations using auditory brainstem responses (ABR), recorded in vivo through electrodes 164 located on the scalp (Figure 1A i) . ABRs consisted of five waves (I-V) that reflect the 165 consecutive activation of the auditory nerve, cochlear nucleus, superior olive, lateral 166 lemniscus and inferior colliculus ( Figure 1A ii). In the Mbp shi/shi mice, ABR waves were 167 significantly delayed at all auditory stations ( Figures 1B and 1C ) and delays increased 168 progressively. The peak-to-peak amplitude, which reflects the synchronous spiking in 169 response to sound onset, was unchanged in wave I ( Figure 1F ). This, together with the 170 findings that also response thresholds were not different from controls (Figures S2A and 171 S2B), confirms that cochlear function and peripheral conduction is normal in Mbp shi/shi 172 mice. This was expected because the outer region of the auditory nerve is myelinated by 173 Schwann cells that do not require MBP for myelination ( Figure 1A iii) 40 . However, the 174 amplitudes of waves II and III were reduced, and those of waves IV and V were increased 175 (Figures 1B and 1F) . Such downstream improvements of diminished brainstem ABR 176 amplitudes have been observed in several animal models of auditory 177 synaptopathy/neuropathy (disorders of the inner hair cell ribbon synapse and/or auditory 178 nerve), and are thought to reflect compensatory mechanism of changes in gain to 179 peripheral hearing loss [41] [42] [43] [44] [45] [46] . Hypomyelinated Mbp neo/neo mice were similarly normal with 180 respect to the shape of ABR wave I (Figures 1D and 1E ) and threshold ( Figure S2C ).
181
They also showed a reduction in the amplitudes of waves II and III, and a larger wave V 182 at the IC level ( Figure 1G ). The Mbp shi/shi and Mbp neo/neo wave V/I ratio increase appeared 183 proportional to the degree of dysmyelination (230% and 100% increase respectively; Myelination of primary auditory cortex is patchy and heterogeneous 190 To study auditory processing, we first assessed the presence of myelin in the inferior 191 colliculus (IC), an important subcortical relay station in the auditory path, and in layer 4 of 192 the primary auditory cortex (ACx), where we obtained multi-unit recordings (Figure 2A) . 193 As in other grey matter areas, myelination profiles are present at low density 10, 13 . 
Cortical responses to simple sounds in dysmyelinated mice
206
To study the effect of dysmyelination, we performed in vivo extracellular recordings in 207 Mbp shi/shi mice ( Figure 3A ) following basic single sound stimuli (clicks) to evoke Adaptation is crucial for sensory filtering in the auditory system 51,52 and a measure of 241 neuronal integration. It is typically tested using oddball paradigms ( Figure S4C ), in which 242 two frequencies that elicit responses of similar magnitude are presented sequentially such 243 that one appears with higher probability ('standard') than the other ('deviant'). Here, 244 stimulus-specific adaptation (SSA) is reflected in a decreased response to the standard 245 tone, while the response to the deviant tone remains constant or increases 52,53 .
246
Importantly, cortical SSA was not reduced in Mbp shi/shi compared to wild type mice ( Figure   247 S4D). Thus, widespread dysmyelination had no obvious effect on the integration of 248 auditory stimuli, presumably because the convergent inputs were all similarly delayed.
250
Dysmyelination affects temporal reliability and acuity of sound processing 251 Naturally occurring sounds are characterized by rich temporal structures. In many 252 species, the reliable temporal coding of communication sounds is an important factor for 253 survival or successful mating. Correct auditory coding relies on the ability of the nervous maintain this precision while listening to continuous sound streams. We determined, on 256 one hand the neuronal capacity of our mouse models to follow click-trains (a measure of 257 temporal reliability) at different presentation rates. We also determined 'gap-detection', a 258 measure of temporal acuity, as used for audiometric testing in humans [54] [55] [56] .
260
Click-rate detection was tested with a set of 10 clicks presented at different temporal rates 261 ( Figure 4A ). In wild type mice, the rates at which auditory neurons can follow were lower 262 in ACx compared to subcortical stations, consistent with a previous report 57 . Repeated 263 presentations revealed that the timing of spikes is reproducible, although failures were 264 observed in the response to the last clicks in this sequence (Figure 4B, top) . Importantly,
265
in Mbp shi/shi mice, ACx neurons followed the initial clicks in a set of 10, but (already in the 266 5 Hz condition) revealed a strong decay in the response strength to the last clicks 267 (individual example Figure 4B , bottom). Scoring the responses to click number 1, 5 and 268 10 (taken as representatives), we observed that the response magnitude in Mbp shi/shi mice 269 was the same as in wild type after click 1 but was smaller after click 5 and virtually non-270 existent by click 10 ( Figure 4C ). This decrease in response magnitude was associated 271 with a decreased synchrony of spiking (between repetitions along the 10 clicks) compared The observed deficit in temporal reliability could be explained by the altered Kv channels 280 distribution (dispersed along internodes and overexpressed in Mbp shi/shi ) in axonal 281 excitable domains 58 , which we confirmed in the form of shortened AIS for the ACx of 282 Mbp shi/shi mice at the level of the AIS (Figures S4A and S4B ). In a dysmyelinated brain, 283 axonal excitability, membrane repolarization, and energy consumption could be affected 284 by the general misdistribution of ion channels 47, 59 . As a model for other CNS white matter 285 tracts that are difficult to study directly, we used a well-established optic nerve preparation 60 . This acute ex vivo system allowed us to measure compound action potentials (CAP) 287 for myelinated axons ( Figure S5A ) and to apply pharmacological manipulations 4, 5, 60 . In 288 wild type optic nerves (ON), CAPs exhibited the expected 3-peak shape, but we observed 289 strong differences with both Mbp shi/shi and Mbp neo/neo nerves. In these mutants, CAP peaks 290 were delayed in latency ( Figure S5B The second key aspect of auditory processing is temporal acuity. Gap-detection protocols 306 measure the ability of neurons to detect short silent gaps in the middle of a white noise 307 sound ( Figure 5A ), a capacity also crucial in human speech processing 61 . In mice, the 308 presence and the strength of any post-gap sound response reflects whether the gap has 309 been detected ( Figure 5B ). Mbp shi/shi mice revealed a significant decrease (compared to To understand the correlation between gap-detection deficits and perception at the 322 behavioral level we performed two tests in behaving mice. First, we tested 'gap-323 dependent pre-pulse inhibition of the acoustic startle reflex' (GDIASR). This paradigm is 324 widely used to behaviorally assess the detection of gaps within sound stimuli [62] [63] [64] [65] . For 325 this test we could only use hypomyelinated Mbp neo/neo mice that have no motor defects.
327
Pre-pulse inhibition of the acoustic startle reflex (ASR) requires sensorimotor gating.
328
Acoustic startles are triggered by a loud unexpected sound 66 and can be measured by a 329 piezo element under the animal ( Figure S7A ). A change in the sound background, for 330 example a 'silent gap' just before the starling sound ( Figure 6A ), can inhibit the ASR if it 331 is salient enough 67 . In this paradigm, we used the level of inhibition by different 'silent 332 gap' lengths ( Figure S7B ) as a behavioral measure of gap-detection (i.e. gap perception).
333
Consistent with previous reports from wild type mice 62,65,67,68 , shorter gaps elicited less 334 inhibition than longer gaps ( Figure 6B ). Importantly, dysmyelinated Mbp neo/neo mice 335 showed a significant decrease in the inhibition of the ASR, when triggered by different 336 gap lengths. Moreover, we determined a two-fold increase in the gap detection threshold 337 (from 8 ms to 17 ms) ( Figure 6B and 6C). Thus, deficits in temporal acuity, discovered at 338 the physiological level in the ACx, were also paralleled at the perceptual level. We note 339 that mice with slightly higher levels of Mbp expression, i.e. thinly myelinated heterozygous To confirm altered gap perception in freely behaving mice, we tested Mbp neo/neo mutants 345 in the 'AudioBox' (NewBehavior, TSE systems), an automated system for auditory 346 behavioral testing [69] [70] [71] [72] [73] . Animals were exposed to 'safe visits' of one cage corner ( Figure   347 S7E), in which a continuous sound was played, and water was always available.
However, during 'conditioned visits' of that corner the continuous sound was interrupted 349 by a series of 50 ms 'silent gaps' that were paired (i.e. negatively conditioned) with short 350 air-puffs to the nose when animals attempted to drink. We then compared the sensitivity 351 to different gap lengths in mutants and controls ranging between 1 and 45 ms ( To explore the role of CNS myelination in information processing, i.e. beyond the known 361 function of myelin in speeding axonal conduction, we studied the detection and perception 362 of auditory stimuli in mice. We used auditory brainstem potentials and multiunit recordings 363 in the auditory cortex of mutant mice, as well as behavioral readouts in awake animals, 364 to compare the effect of partial (Mbp neo/neo ) and complete (Mbp shi/shi ) dysmyelination with 365 that of an isolated reduction of glial metabolic support (MCT1 +/-). The combined pattern 366 of results reveals that diminished glial support of axonal metabolism, in the absence of 367 dysmyelination, impairs sustained stimulus detection relevant for speech processing. The 368 deficits were largely comparable, although partially discriminable from those resulting 369 from dysmyelination. Oligodendrocytes, therefore, play an important role in ongoing 370 perception through energetic support ( Figure 7A ), most evident when dysmyelination 371 results in misdistribution of axonal ion channels ( Figure 7B ), and independent of a role in 372 saltatory conduction. ( Figure 7C ).
374
On the other hand, subcortical delays in dysmyelinated mice were accompanied by 375 reduced synchrony of auditory brainstem potentials, a feature not observed in mice with 376 only reduced glial metabolic support. The decreased amplitudes and shapes of waves II 377 and III, were likely reflecting some desynchronization of the converging input at the level 378 of the cochlear nucleus and olivary complex (where ascending auditory signals become bilateral). The later waves IV and V showed instead an increase in size in dysmyelinated 380 mutants, most likely reflecting a compensatory mechanism to the loss of synchrony at the 381 earlier stations. Similarly gain increases have been reported in mice deprived of auditory 382 stimuli 74 , and in humans as a result of aging 44 or multiple sclerosis lesions 7,75-78 . encoding circuits, responses to these stimuli were normal, indicating that basic relay 390 processing and sound integration is not affected by the absence of myelin. However, we 391 detected deficits in temporal processing in a manner unexplained by reduced conduction 392 velocity alone. Temporal reliability and acuity were affected in all mutants. Unexpectedly, 393 the magnitude of this defect was correlated with the degree of hypomyelination but was 394 not limited to dysmyelination phenotypes. It was also a feature of MCT1 +/mice with an 395 isolated metabolic support defect. Behavioral tests demonstrated that the temporal 396 processing deficits, as detected by cortical multi-unit recordings, were paralleled at the 397 perceptual level. Myelinating oligodendrocytes are thus clearly involved in the temporal 398 processing of auditory signals, which have previously been implicated in higher CNS 399 functions in humans, such as speech recognition [79] [80] [81] . Here, the phenotypical similarities 400 of two different mouse mutants, Mbp neo/neo and MCT1 +/-, suggest that compromised 401 metabolic support alone is a critical component of reduced myelination and becomes 402 detectable at the network level in the absence of any sign of axonal degeneration.
404
Myelination defects clearly affected the coding of a stimulus' temporal envelope, reflected 405 for example as 'fatigability', i.e. a lack of temporal reliability. For Mbp mutants it was 406 unexpected that the responses to longer trains of clicks diminished or even stopped after 407 5 to 6 repetitions of the stimulus, especially when the intervals between consecutive clicks 408 were 200 ms apart (repetition rate 5 Hz). Here, the altered distribution of sodium and 409 potassium channels in unmyelinated regions is critical. In Mbp shi/shi mice sodium channels are increased along bare axons 82,83 , and abnormally high expression of Nav1.2 channels 411 does not revert to Nav1.6 in development 84, 85 . This might contribute to increased 412 fatigability in Mbp shi/shi mice since Nav1.6 channels are not only associated with -but also 413 necessary for -repetitive firing 86 . In addition, an elongation of nodes 58,87 and 414 overexpression of Kv1.1 and Kv1.2 potassium channels has been reported in shiverer 415 mice 58,88 . Kv1 channels are normally clustered at juxtaparanodal domains 89 but may 416 become abnormally exposed to the extracellular space upon dysmyelination and 417 redistribute into the paranodal and internodal membrane causing increased Kv1-mediated 418 potassium efflux. In the absence of myelin, oligodendrocyte-dependent potassium 419 siphoning would be reduced 90 . Together, this might lead to a greater activity-driven 420 accumulation of extracellular potassium, decreasing its driving force and resulting in a In addition to some loss of 'temporal reliability', we determined a myelination dependent 441 defect of 'temporal acuity', i.e. a defect in the coding of rapid changes in the temporal 442 structure of the stimulus. Here, a powerful paradigm is sound gap-detection 54,93 , a 443 function that relies on cortical auditory processing 65, [94] [95] [96] . In humans, defects in such a 444 gap detection test are closely associated with a corresponding loss of accurate speech 445 discrimination 97,98 . Cortical neurons of dysmyelinated shiverer mice failed to detect silent 446 gaps within a stream of white noise when these gaps were shorter than 3 ms, a marked 447 deviation from control mice that detect gaps as short as 0.5-1 ms. Hypomyelinated All multi-unit recordings were performed in anaesthetized mice. We note that key aspects 458 of auditory processing occur 'pre-attentively' and should be unaffected by anesthetics 99 is required for the auditory phenotype.
469
It has become increasingly clear that the role of myelination is not limited to speeding 471 axonal conduction velocity. Moreover, the patchy myelination pattern of cortical circuits 472 points to a broader role of oligodendrocytes and myelin in information processing 100 . Our 473 mouse models with predominant structural or metabolic defects of CNS myelin allowed 474 exploring the role of myelination at the network level. This enabled us to mechanistically 475 dissect reliability defects from acuity deficits in auditory processing. Thus, our studies 476 revealed a novel role of myelin forming oligodendrocytes in information processing that 477 goes beyond the speeding of neuronal responses. We discovered that myelin influences 478 the sustained and temporally precise axonal firing, essential to properly code auditory 479 stimuli. Moreover, specific phenotypical similarities between mutants with dysmyelination 480 and metabolic defects suggests that a myelin-dependent energetic failure marks a 481 common mechanism underlying auditory dysfunctions. Auditory phenotyping emerges as 482 a promising experimental system to investigate the role of oligodendrocytes and 483 myelination in information processing. affecting the larger GOLLI transcription unit ( Figure S1A ). Homozygous Mbp neo/neo mice were born 502 at the expected frequency. For all experiments, Mbp neo/neo and controls (Wt) were used at age 9.5-503 14 weeks, unless otherwise stated. 504 505 MCT1 +/mice, with reduced axo-glial metabolic support 3 were kindly provided by Pierre 506
Magistretti (Lausanne) and analyzed at age 10-14 weeks. 507 508
Acoustic stimulation 509
All sound stimuli were digitally synthesized and presented using Matlab (The Mathworks ® , USA), 510 at a sampling rate of 98 kHz and in a pseudorandom order. There were typically 10 repetitions of 511 each stimulus, unless otherwise stated. The intensities were measured in decibel sound pressure 512 levels (dB-SPL). Sounds used for electrophysiology were delivered by an USB audio interface 513 Auditory brainstem responses (ABRs) were measured as described 101 . Mice were anesthetized 522 with an intraperitoneal injection of 250 mg/kg Avertin (mixture of 2,2,2-tribromoethyl alcohol 2%, 523
Sigma-Aldrich, and tert-amyl-alcohol 2%, Merck), except for the Mbp neo/neo line, which was treated 524 as in Jung et al. (2015) 102 and anesthetized with ketamine (125 mg/kg) and xylazine (2.5 mg/kg) 525 i.p. Temperature was kept at 36˚ via a heating pad (World Precision Instruments, ATC 1000). For 526 the recordings, subdermal needles (BD Microlance, 30G ½", 0.3x13mm) were placed at the vertex 527 (active electrode), the left pinna (reference) and the back of the animal (active shielding). Click 528 stimuli were ipsilaterally delivered from a speaker located ~9 cm from the left ear. Square click 529 waveforms (0.03 ms long) were presented at 20 Hz (50 ms inter-trial intervals (ITI)) at different 530 intensities (0-80 dB). The difference in potentials was amplified 10,000 times using a custom-531 made amplifier. A National Instruments shielded I/O connector block (NI SCB-68), interfaced in a 532
Matlab environment was used for data acquisition (50,000 Hz sampling rate). Recorded voltage 533 traces were bandpass filtered offline (300 -3000 Hz) using a Butterworth filter. Data was cut from 534 the stimulus presentation onset (0 ms) in 12 ms windows. Trials with heart rate artifacts (wave 535
shapes larger than ± 4.7-9.2 μV) were removed, and 1000 trial repetitions of each stimulus were used for data analysis. Hearing thresholds were determined as the lowest intensity that evoked a 537 response that was 3 times the root mean square of the response at 0 dB within a window of 1 ms 538 centered on wave I. In addition, this measurement was confirmed by visual inspection of the 539 lowest intensity that evoked a response (compared to 0 dB) within 6 ms from stimulus onset. The 540 identity of the waves was determined by visual selection of the maximum peak value 541 corresponding to each of the five waves according to the typical reported position of each wave 542
(1 ms apart). For the analysis, an ANOVA was used to assess the changes in latencies or 543 amplitudes of each wave, comparing control to mutant animals. 544 545
Electron microscopy 546
After transcardial perfusion fixation (4% formaldehyde and 2.5% glutaraldehyde in phosphate 547 buffer), mouse brains were dissected, and sagittal or coronal vibratome (Leica VT1000S) slices 548 of 200-300 µm thickness were prepared. A punch of the region of interest was taken, prepared 549 for electron microscopy 103 and embedded in Epon. Ultrathin sections were prepared using a Leica 550 Ultracut S ultramicrotome (Leica, Vienna, Austria) and imaged with a LEO912 electron 551 microscope (Zeiss, Oberkochen, Germany) using a 2k on-axis CCD camera (TRS, Moorenweis, 552
Germany). G-ratios (axonal diameter/fibre diameter) were determined by analyzing 100 axons 553 per animal selected by systematic random sampling on 10 random images taken at a 554 magnification of 8,000 x. 555 556
Acute electrophysiology 557
Prior to surgery, mice were anesthetized and maintained as reported for the ABR procedure. Mice 558 were placed on a stereotaxic apparatus using inverted ear bars to avoid damage to the ear canal 559 (World Precision Instruments, Sarota, FL USA, 502063). A cut was made along the midline and 560 the skull exposed and cleaned of adherent tissue with a scalpel and hydrogen peroxide. A metal 561 screw (M1x1, Germany) was inserted into the right parietal cortex and used as ground. A metal 562 post was glued on the skull frontal to lambda with dental cement (Unifast, TRAD), this allowed for 563 removal of the ear bars. The muscle temporalis was detached from the skull and a 4x2 mm 564 craniotomy was performed using a dental drill (World Precision Instruments, Omnidrill3, tip #7), 565
following the contour delimited rostral and ventrally by the squamosal suture, dorsally by the 566 temporal ridge and caudally by the lambdoid suture. The speaker was placed ~13 cm from the 567 right ear of the mouse. At the end of every experiment, mice were euthanized by anesthesia 568 overdose. The brain was removed, and immersion fixed in 4% PFA. After 24h, the brain was 569 washed with PBS 1x and stored in 30% sucrose (Merk, K43386951).
Recordings were performed with glass-covered tungsten electrodes (AlphaOmega, Germany) or 572 platinum/tungsten glass coated electrodes (Thomas Recordings, Germany) with impedances 573 between 1.5 and 2 M. In 30% of the recordings, the electrode was stained with Dye I 574 (dioctadecyl-tetramethylindocarbocyanine perchlorate, Aldrich, 468495) dissolved in absolute 575 ethanol, before insertion, for later visualization of its position. After the craniotomy, a drop of saline 576 was used to clean the surface of the brain. The electrode was inserted perpendicular to the 577 surface of the primary auditory cortex 104 using a micromanipulator (Kopf, Inc., Germany). We 578 recorded extracellular multi-unit (MUA) sound-evoked responses in layer 3/4 of the ACx of 579 anesthetized mice. Responses were characterized by onset latency and shape. ACx recordings 580
in Mbp shi/shi mice were done at a depth of ~405 m (62 m standard deviation (sd)) without 581 differences in depth between control and mutant mice (p=0.71). In the Mbp neo/neo line, depth of 582 recording was on average ~350 m (60.5 m sd) without differences between groups (p=0.520). 583
In MCT1 +/mice, recordings were on average at ~380 m depth (37 m sd) (p=0.32). 584 585 Electrophysiological signals were acquired at 32 kHz sampling rate, pre-amplified (HS-36-Led, 586
Neuralynx, USA) and sent to an acquisition board (Digital Lynx 4SX, Neuralynx, USA) to yield the 587 raw signals, which were acquired using a bandpass filter (0.1 or 200 Hz to 9000 Hz) and stored 588 for offline analysis. Recording and visualization of the data was made using the Cheetah Data 589
Acquisition System software (Neuralynx, USA). For multi-unit analysis (MUA), spikes that are not 590 attributed to a single neuron, the signals were high-pass filtered at 350 Hz. For spike detection, a 591 threshold of 6 times the mean absolute deviation from the median of the filtered voltage traces 592 was used. For the analysis, only recordings that had significant auditory evoked responses at any 593 sound intensity compared to a 200 ms pre-sound baseline activity (paired t-test) were used. 594
595
To measure tonotopy, pure tones of variable frequencies and intensities were presented (24 tones 596 with frequencies between 2 to 31 kHz, and intensities between 0 and 80 dB) ( Figure 3I ). Each 597 tone was 30 ms long, had on/off ramps of 5 ms. Presentation rate was 2 Hz (500 ms inter-trial 598 interval). Five repetitions of each frequency/intensity combination were presented in a random 599 order. The analysis was performed on individual recording sites, although in many mice 600 recordings were obtained from several site along the ACx. 601
602
For the reconstruction of the single-site tuning (Figure 3J ), the spikes elicited by each frequency 603 in a 200 ms window after stimulus onset were added. The tuning curves (TC) were smoothened using a zero-phase digital hamming filter with a window of 4 points. The smoothened TC were 605 then used to calculate the best frequency (BF; the frequency that elicited the maximum number 606 of spikes at 60 and 80 dB). In normalized tuning curves, activity was expressed as a function not 607 of frequency but of the distance (in octaves) from the best frequency. Response thresholds were 608 obtained by visual inspection (blinded as to the genotype) of a 200 ms window from stimulus 609 onset. Tuning curve width both at the base and the half distance from the peak activity ( Figure  610 3M), was calculated as the z-score of the sum of spikes over a 60 ms window from stimulus onset 611 at all frequencies and intensities. 612
613
The click rate (CR) protocol ( Figure 4A ) was used to assess temporal reliability. Each was a 0.05 614 millisecond long positive step function. Bursts of ten clicks were presented every 6 s, each at a 615 different rate (2 -50 Hz). The first click of each burst was used to characterize latency, amplitude, 616 reliability and jitter of auditory response (Figure 3 and S3 ). For the latencies measurement we 617 only included the spikes that occurred at least 10 ms after sound onset, given latencies reported 618
for the ACx in anesthetized mice 104 . To measure reliability of repeated responses (click rate 619 protocol, Figure 4) , synchronicity measurements were obtained from a measure of the vector 620 strength 105 of the spikes occurring for the duration of the stimulation in all repetitions of the 621 stimulus was obtained by converting each spike time (i) as a circular vector with phase (i) 622 between 0 and 2, according to the stimulus phase of a specific rate. All the spikes occurring after 623 each of the 10 clicks were selected in terms of their latency respective to the previous click. A 624 window equivalent to the phase duration (equal to the inter-click interval) was selected for each 625 click rate presentation. The spike phases were then expressed in terms of: 626
Here, i is the latency of each spike, i was the phase representation of each spike, and  was 629 the phase of the stimulus presented (for example for a click train at 5 Hz, = 1 5 , =0.2). To calculate 630 the percentage of spike synchronicity, the total spike phase distribution was binned in 20 bins 631 from 0 to 2, and the spike count of the bin with the maximum synchronization in the first half of 632 the vector (), was taken. This spike count was expressed in terms of percentage, which means 633 the percentage of spikes that were fully synchronized per stimulus in one recording. 634
The gap-in-noise detection paradigm was used to evaluate temporal acuity. Once every second, 636 200 ms long broad band noise (BBN, pre-gap) sound was followed, after a short silent gap, by a 637 50 ms long BBN sound (post-gap). Silent gaps durations were 0, 0.5, 1, 2, 3, 4, 5, 7, 10, 20, 50 638 and 100 ms ( Figure 5A) . Rise/fall time of the BBN pulse was 1 ms. For gap-detection analysis, 639
only recordings with a significant response to the mean of the pre-gap sound (sum of spikes over 640 100 ms window after stimulus onset), compared to pre-sound baseline, were used (paired t-test). 641
For each animal, recordings at different locations were averaged. Additionally, only those animals 642 that had a significant response to the post-gap BBN following a 100 ms gap were included in the 643 analysis (100 ms window from the start of the post-gap BBN). Peri-stimulus time histograms 644 (PSTH) were generated by adding spikes across trials in 1 ms bins over a 100 ms window (Figure  645   5D ). The pre-gap response (PSTH in a 100 ms window) was generated from all gap trials, since 646
the pre-gap response should not be affected by the gap that follows it. For the post-gap responses 647 (PSTH over 100 ms), each gap was treated separately. Comparisons between control and 648 Mbp shi/shi and Mbp neo/neo mice revealed no significant differences in the amplitude of the pre-gap 649 response (ANOVA, p=0.53 and p=0.6 respectively). Also, the peak of the post-gap response was 650 used for group comparisons. Since some groups showed increased latencies, the PSTHs were 651 centered at their peaks. An ANOVA was performed in a 21 ms window centered on the peak. 652
653
For the analysis of the gap-detection vs baseline, a 50 ms window of baseline activity was 654 compared to a 50 ms window of the post-gap response for each recording site using a paired t-655 test. 656 657
Gap pre-pulse inhibition of the acoustic startle reflex 658
We used behavioral Gap-PPI to test behavioral temporal acuity 67 . This test was performed in 659
Mbp neo/neo , Mbp shi/+ and their control littermates. We used 9 control animals (wild types pulled 660 together from both dysmyelination lines), 6 Mbp neo/neo , 6 Mbp shi/+ . All mice were between 9 and 16 661 weeks at the age of testing. For testing, a mouse was confined in a custom-made Plexiglas tunnel 662 (12 cm long by 4 cm diameter), placed above a piezo element (TRU components, 800 Ohms 663 impedance, 50 mm diameter, spanning 30V) ( Figure S7A ). The piezo was connected to a data 664 acquisition system (NI SCB-68). Data acquisition (1 kHz sampling rate) was controlled with a 665 custom-made code in a Matlab and sound delivery was done using pre-synthetized sound tracks 666 in Matlab, played through VLC media player (Video Lan Organization). 667 for 10 min before the start of the experiment: 5 min. of silence followed by 5 min. of exposure to 670 the background sound (BBN of 70 dB). Testing was then initiated. The startle noise was a BBN 671 105 dB with 40 ms duration. It appeared every 10-20 s. at random times to avoid startle prediction. 672
The startle could be preceded by a gap (0, 1, 2, 3 , 5, 7, 10, 25 or 50 ms long) which ended 50 ms 673 before the startle (Figure 6A ). Gaps and startle had on/off ramps of 1 ms. The session started 674 with 10 startle-only pulses, followed by gap preceded startle presentations (10 startle presentation 675 per gap type). The experiment ended with five startle-only pulses, to assess habituation. The 676 complete presentation of 105 trials had a duration of approximately 30 min. 677 678 Gap-PPI analysis was done as described before 67 , with mild modifications. The magnitude of the 679 acoustic startle reflex (ASR) was measured as the maximal vertical force (peak-to-peak voltage 680 output) exerted on the piezo element in a 500 ms window starting with the onset of the startle 681 noise. Baseline activity (2 times the root mean square of the voltage trace in a 500 ms window 682 before the startle noise) was subtracted. Startle and baseline amplitude were measured in 683 arbitrary voltage units provided by the piezo measurement. Noisy trials (3 times the standard 684 deviation of the root mean square of a 500 ms window before gap presentation) were discarded 685 from the analysis. The percentage of pre-pulse inhibition for each gap and mouse was calculated 686 following: Recordings with a fit coefficient (R 2 ) below 0.6 were excluded from the analysis. 694
695
The gap detection threshold was considered as the value of the fitted curve that elicited 696 50% of the maximal inhibition achieved per mouse. A second normalization was then made to the 697 longest gap (50 ms) presumed to elicit the maximum value of inhibition (100%). For the statistical 698 comparisons of the gap-detection threshold and amplitude of startle, parametric or non-parametric 699 t-test were used. A 2-way ANOVA was performed for the comparison of the inhibition of the ASR AudioBox 702
The AudioBox system was used to test behavioral gap-detection. The AudioBox (NewBehavior, 703 TSE systems) is an automated system for behavioral acoustic conditioning 69-72 . This system is 704 designed to minimize the interference from the experimenter and provides a spatially and socially 705 enriched environment in which female mice live in group (up to 10 mice) for several days. The 706 setup consisted of a home-cage, where animals had food ad-libitum, and a corner within a sound-707 attenuated box, where they could access water also ad-libitum ( Figure S7E) . A speaker was over 708 the corner (22TAF/G, Seas Prestige). Animals carried a transponder (implanted under 709 anesthesia, see 72 ) that was detected by an antenna at the entrance of the corner. Time spent in 710 the corner, number of nose-pokes and sound played were detected through sensors in the corner. 711
712
For these experiments, Mbp neo/neo mice were chosen over Mbp shi/shi because of their normal life 713 span and lack of motor impairments. Three experiment replications were pooled together. A final 714 number of 7 control animals (Wt) and 13 mutant animals (Mbp neo/neo ) that were 6-14 weeks old at 715 the start of the experiment were used. 716
Behavioral testing occurred in the corner. Each time a mouse entered the corner a "visit" started, 717 and a sound was played for the duration of the visit. The training paradigm, summarized in Figure  718 S7F, consisted of 3 phases. During the habituation (one day doors opened, and 3-9 days doors 719 closed), the safe sound (continuous BBN) was played in all visits. In this phase, animals could 720 nose-poke and get access to water. During the conditioning phase 'conditioned' visits were 721 introduced ( Figure 6D and S7F) . In safe visits, as before, the animal could make a nose-poke and 722 get water. Animals that did not nose-poke in more than 60% of safe visits were immediately 723 excluded from the behavioral experiment. This was the case for 11 out of a total of 18 Wt and 7 724 out of 20 Mbp neo/neo tested. In conditioned visits (pseudo-randomly distributed according to 725 probabilities as in Figure S7F ), however, a conditioned sound (BBN interrupted by 50 ms silent 726 gaps every 500 ms) was played, and a nose-poke triggered an air-puff, and no opening of the 727 doors. Mice had to learn to not nose-poke in visits in which silent gaps interrupted the sound. 728
Typically, this occurred 1-2 days after introduction of the conditioned visits. The percentage of 729 conditioned sound presentation was increased stepwise 5% every 2 days. After the conditioning 730 phase, the gap testing phase began. Every 4 days two new visit types were introduced, each with 731 BBN sounds interrupted, like the conditioned sounds, by gaps, which varied in length with visit 732 type ( Figure 6D and S7F ). During this phase 70% of visits were safe, 20% conditioned and 10% 733 conditioned gaps. A total of 15 gaps were tested with lengths between 1 and 45 ms.
The new sounds were chosen in pairs in a semi-random fashion, such that the more difficult gaps 735 (gaps below 5 ms) were presented in the same block of days as gaps longer than 5 ms. A 736 minimum of four days with each pair of sounds was allowed before starting a new gap testing. 737
738
The percentage of avoidance was quantified as the number of visits without nose-pokes for each 739 sound played, only considering the first two days of training for each sound. The number of visits 740 was compared to ensure equivalent sound exposure. The data from visits with gaps between 2 741 and 15 ms duration were used for statistical comparison. 
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The authors declare no competing interests. 82. Noebels, J. L., Marcom, M. H. Sodium channel density in hypomyelinated 954 brain increased by myelin basic protein gene deletion. Nature 352, 431-434 (1991) . 955 83. Westenbroek, R. E., Noebels, J. L. & Catterall, W. A. Elevated Average PSTH across animals for Wt (black; n=12) and Mbp shi/shi (red; n=14) with S.E.M. as shaded area. Left to right: pre-gap responses followed by post-gap responses for 0.5 to 5 ms gaps. Significant effect of group was seen for all post-gap responses but not for pre-gap responses (p=0.46, p<0.0001, p<0.0001, p<0.0001, p=0.0002, p=0.0014, p=0.006; pre-gap and 0.5 to 5 ms post-gap respectively). E) Same as in D) but for Mbp neo/neo (orange; n=8) mice and their respective Wt (black; n=7). Significant effect of group was seen for most post-gap responses but not for pre-gap responses (p=0.60, p<0.0001, p<0.0001, p=0.0015, p=0.19, p=0.01, p=0.003; pre-gap and 0.5 to 5 ms post-gap respectively). In D) and E), dotted vertical lines at time 0 ms depict the start of the sound, and at time 50 ms the end of the post BBN. A) Schematic of the auditory startle reflex (ASR) sound protocol. Constant background broad-band noise (BBN; 70 dB) interrupted by a startle noise at random times (105 dB; 40 ms), occasionally preceded by a silent gap of varying length. All gaps presented were followed by 50 ms background sound before the startle appearance. Each gap-startle combination was repeated 10 times. B) The percentage of ASR inhibition elicited by the different gaps showed a strong relationship between the gap length and the startle inhibition. Mbp neo/neo but not Mbp shi/+ mice (with a 50% reduction in Mbp) showed impaired inhibition of the ASR. Dotted line: threshold at 50% inhibition used for statistical analysis in C. C) Gap detection threshold is increased in Mbp neo/neo mice (p=0.0048), but not Mbp shi/+ (p=0.36; outlier depicted with a cross), compared to Wt animals. D) Schematic of sounds used in the Audiobox paradigm. Safe visits to corner were accompanied by the safe sound (0 ms gap embedded in continuous BBN, ~70 dB), and water was available. Conditioned visits were accompanied by the conditioned sound (cond; BBN with 50 ms gaps) water was not available and air-puff was delivered upon nose-poke. Once animals discriminated safe and conditioned, test visits with test sounds (gaps > 0 ms and <50 ms) were introduced. Water was available in these visits. E) Quantification of avoidance behavior (proportion of visits without nose-pokes) revealed a reduction (p=0.030) in Mbp neo/neo animals (orange; n=13) for gaps >1 ms compared to Wt (black; n=7) confirming a behavioral deficit in temporal acuity in a naturalistic environment. All graphs show the mean per group. Error bars depict the S.E.M. 
Schematic of oligodendrocyte and compact myelin (green) wrapping around 3 axons (brown) A)
Glycolytic oligodendrocytes can support axons via the transport of glycolytic end products, such as lactate or pyruvate. B) The maintenance of axonal-excitable domains through clustering of ion channels depends on myelin compaction. C) Myelin is essential for the formation of axonal excitable domains and contributes to the speeding up of action potential conduction.
